Sample of longissimus muscle were taken from carcasses of steers, steers implanted with anabolic agents and bulls of Friesian and Charolais • Friesian breeds of cattle. Percent and mean cross-sectional areas (CSA) of three myofiber types (~R, 0zR and ~W) were determined. The percentage of ~R myofibers did not vary significantly with treatment. The implanted steers had 26% more ~R and 8% less ~W myofibers than the untreated steers, while the bulls had 33% more c~R and 20% less ~W myofibers than the implanted steers (P<.001). In the implanted steers the mean CSA of the ~R myofibers was significantly greater than that of the untreated steers, but did not differ from that of the bull. The mean CSA of the c~R myofibers increased considerably with treament, but only that of the bull was significantly greater than that of the untreated steers. The mean CSA of the c~W myofibers in the implanted steers was identical with that of the untreated steers and significantly smaller than that of the bulls. In comparison to the untreated steers, signficant hypertrophy of all three myofiber types occurred in bulls. These findings demonstrate a significant increase in the oxidative capacity of the longissimus when the levels of both endogenous and exogenous anabolic agents are increased. They are also consistent with the greater efficiency of deposition of protein obtained with implanted steers and bulls. A significant breed difference was observed in the percentages of ~R, c~R and c~W myofibers, and in the sizes of the ~R and c~R myofibers. No evidence of myofiber abnormality was found in any of the samples examined.
I ntroduction
Anabolic agents are used in meat production to increase growth rate, feed conversion efficiency and the lean meat content of carcasses (Galbraith and Topps, 1981) . Thus, while the value of anabolics for meat production is well established, little is known about the effects these substances have on the muscle fibers of meat animals. Indeed, basic factors that limit the rate and extent of muscle growth and protein synthesis as well as those concerned with adipocytes and fat deposition in meat animals have not been defined. An understanding of these factors in cellular and molecular terms would permit a greater manipulation of animal productivity to optimize meat production.
Studies on the effects of anabolic agents on the muscle fiber types of meat animals are few. Fox et al. (1973) found that the ratio of oxidative (red) to anaerobic (white) myofibers in the longissimus muscle of Charolais x Hereford steers was not significantly affected by Tapazole (1-methyl-2-mercaptoimidazole), a feed additive that increases weight gain and feed efficiency of beef cattle. Spender et al. (1980) observed a sex effect when they found that the proportion of oxidative fibers in the biceps femoris muscle of heifers was significantly greater than in the same muscle from steers. In both of these studies, however, a nonspecific oxidoreductase reaction (NADH: tetrazolium oxidoreductase) was used to identify oxidative myofibers. There is, therefore, a need for a more detailed study of the effects that anabolic agents may have on the muscle fibers of meat animals. Accordingly, this paper describes the effects of endogenous and exogenous anabolic agents on the types of muscle
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J. Anlm. Sci. 1986.63:83-91 fibers of the longissimus muscle from male cattle. A wide range of histochemical reactions was used to identify positively three myofiber types: 3-Red (3R), a-Red (aR) and a-White (aW), using the nomenclature of Ashmore and Doerr (1971) . A preliminary account of part of this work has been given (Clancy et al., 1984) .
Materials and Methods
Test Animals. Sixteen of 24 Friesian and 16 of 24 Charolais x Friesian bull calves were castrated at 5 to 6 mo of age. Animals of both breed types were allocated equally to the following treatments: 1) steers, 2) steers implanted with anabolic agents in the ear and 3) bulls. The steers were implanted with both 36 mg resorcylic acid lactone 2 and 300 mg trenbolone acetate 3 when they were turned out to pasture at 16 mo of age. At the beginning of the subsequent winter fattening period, these same steers were re-implanted with 20 mg estradiol benzoate plus 200 mg progesterone 4 and 300 mg trenbolone acetate. All animals were grazed together on pasture from May to November. In November each group of eight animals was housed separately in a slatted-floor house. They were fed grass silage and concentrates until slaughtered at 26 mo of age. Live weights and carcass weights were recorded for each animal.
Sample Collection. One-half of the total number of carcasses were selected for sampling in the factory. This gave a 3 (treatment) x 2 (breed) x 4 (animal) factorial experiment. A steak (2.5 cm thick) was removed from the position posterior to the last rib on the right hand side of each carcass 24 h postmortem. The steaks were taken to the laboratory where they were stored at 2 C for 24 h. Pieces (1 • 1 x 2 cm) with parallel fasciculi were then cut at the same medial site in each steak, frozen and stored in liquid nitrogen for subsequent examination. To establish the validity of studying muscle "samples taken from carcasses at 24 h postmortem and stored for a further 24 h at 2 C, a preliminary study was carried out. Samples of bovine longissimus muscle (L.D.) were taken at .5 h and 24 h postmortem from carcasses. The .5-h sample was frozen immediately, while Ralgro, IMC Ltd., Terre Haute, IN. 3 Finaplix, Hoechst Ltd., Dublin, Ireland. 4 Synovex-S, Syntex Ltd., Palo Alto, CA.
the 24-h sample was stored at 2 C, subsampled and frozen in liquid nitrogen at 2, 5 and 10 d postmortem, as described above.
pH Measurement. The pH was measured on each steak at 48 h postmortem by inserting a combination electrode into the tissue.
Myofiber Histocbemistry and Histology
Myofibers were classified as 3-Red (/3R), a-Red (aR) or a-White (aW) on the basis of their staining reactions for acid (pH 4.35) and alkali (pH 10.4) stable myosin Ca 2+-activated ATPases (EC 3.6.1.3); succinate dehydrogenase (EC 1.3.99.1; SDH) and mitochondrial glycerol-3-phosphate dehydrogenase (glycerol-3-phosphate: menadione oxidoreductase, (EC 1.1.99.5; GPOX) in serially cut cryosections (10 Arm). Blocks of tissue were mounted in OCT embedding medium and after temperature equilibrium, transverse cryosections were cut in a cryosat (SLEE Model HRM Mark II), maintained at -15 C. The cryosections, mounted on room temperature coverslips, were air-dried at room temperature for approximately 30 min before staining in Columbia jars. The identification of the three myofibers types was greatly facilitated by combining the SDH reaction with (a) the acid-stable myosin ATPase on one cryosection and with (b) the alkali-stable myosin ATPase on a second and by correlations with the GPOX stain . fl-Myofibers are those that stain positively for the acid-stable myosin ATPase. All 3-myofibers also stain strongly with the SDH reaction. Such fibers are labelled 3-R.
Myofibers possessing an alkali-stable myosin ATPase react in a varying way with the SDH stain. Those a-fibers with a high to moderate stain are termed aR, while those with a weak or no reaction are termed aW. Differentiation with the GPOX stain was less distinctive. AI1 a-and some 3-myofibers had a positive reaction, while about 5% 3-fibers had a very weak or no reaction. For rapid typing of myofibers, the combination of the SDH reaction with the acid-stable myosin ATPase on one cryosection is very effective.
Serial cryosections were also examined for glycogen by the periodic acid-Schift method. For morphologic examination, cryosections were stained with Harris's haematoxylin and eosin; Oil Red O combined with Mayer's haematoxylin and Gomori trichtome; and Weighert's haematoxylin and picric ponceau (Dubowitz and Brook, 1973) .
The reproducibility of histochemical stains was poor when media described in the literature were used. Accordingly, all histochemical media were re-formulated such that each had an ionic strength of .16 M and a near-maximum buffering capacity for the buffer substance used at the pH involved. This was achieved by using a specially written interactive computer program, details of which will be published elsewhere. Reproducibility, thereafter, was excellent. Details are as follows:
Myosin ATPase. The method uses acidic or alkaline pre-incubation stages to exploit the differential pH sensitivities of myosin ATPase (Guth and Samaha, 1969) .
Acidic Pre-incubation. Cryosections were pre-incubated in an acidic medium consisting of 25 mM acetic acid, 50 mM CaC12 and adjusted to pH 4.35 with 1.0 M NaOH [ionic strength (I) = 160 mM, buffer capacity (BC) at 97.8% of its maximum] for 15 min at 15 to 18 C.
Alkaline Pre-incubation. Cryosections were pre-incubated in an alkaline medium consisting of 100 mM CAPS, 40 mM CaC12 and adjusted to pH 10.4 with 1.0 M NaOH (I=160 mM, BC = 89.8% of its maximum) for 15 minat 15 to 18 C.
Myosin ATPase Incubation. Acid or alkali
pre-incubated cryosections were incubated at 15 to 18 C for 30 min in 100 mM CHES containing 25 mM CaC12, 4 mM ATPNa/ and adjusted to pH 9.4 with 1.0 M NaOH (I = 160 mM, BC = 99.8% of its maximum). The ATPNa2 (25 mg) was added to the medium (10 ml) just before use, and the solution was filtered through Whatman No. 42 paper. Following treatment in CaC12 ~ (1%) for 1 min and COC12 (2%) for 3 min, the cryosection was washed in distilled water, and finally placed for 1 min in ammonium sulfide (1%). After a distilled water wash, it was mounted in Highman's medium.
Succinate Debydrogenase (SDH).
Cryosections were incubated for 45 min at 35 C in 25 mM HEPPS containing 50 mM sodium succinate, and adjusted to pH 7.84 at 20 C (pH 7.6 at 35 C) with 1.0 mM NaOH, (I = 160 raM, BC = 99.7%). Before the incubation, 200/al nitroblue tetrazolium (NBT; 50 mg in 2 ml 50% aq. acetone) 20 //1 phenazine methosulfate (PMS; 25 mg in 10 ml acetone) and 20//1 menadione (25 mg in 10 ml acetone) solutions were added to 10 ml of the buffered succinate solution and the mixture filtered. The addition of PMS and menadione as electron acceptors to the incubating medium permits the histochemical demonstration of oxidoreductases to be practically independent from the diaphorasetype, and a strain is obtained which is better related to activity determined biochemically (Meijer, 1978) . Following a distilled water wash, they were mounted in Highman's medium or alternatively incubated for either acidor alkali-stable myosin ATPase.
Glycerol-3-Pbospbate Dehydrogenase (GPOX). Cryosections were incubated as for SDH in 25 mM TES containing 50 mM disodium DL-glycerol-3-phosphate NBT, PMS, menadione, (added as for SDH) 29 mM NaC1 and adjusted to pH 7.4 (20 C) with 1.0 M NaOH, (I = .16 M, BC = 99.7%). After a distilled water wash, the stained cryosections were mounted in Highman's medium.
Morphometry. Enlarged (X 250) images of the stained cryosections were projected onto white paper using a Gillet and Sibert projection microscope. Calibrations were made at the same magnification using a $48 Graticules micrometer slide. With the fasciculus as the sample unit the perimeter of each myofiber crosssection was traced and the three myofiber types (~R, aR and aW) were identified. Using these tracings of the projected images the myofiber types were enumerated and their cross-sectional areas (CSA) were determined on a Model TG23 Zeiss Particle Size Analyser (ZPSA; Clancy and Herlihy, 1978) . Six fasciculi were sampled, amounting to between 200 and 300 myofibers of each type per tissue sample.
The ZPSA data, in the form of lines of integers, the first two of which represented the ZPSA cell number (i.e., size) and the remaining three the frequency of that cell, were processed on a HP-1000 mini-computer using a series of specially written programs that merged and grouped data according to their myofiber type, and computed the total number of myofibers, the percentage of each type, the mean CSA of each type, with its variance, coefficient of variation and the moment coefficients of skewness and kurtosis.
Statistical Analyses
Analysis of variance was used to determine the effects of treatments and breed. The significance of differences between means was determined by the studentized range test (Snedecor, 1967) .
Results and Discussion
Preliminary Study. Myotomy stimulates contraction in pre-rigor muscle and thaw-contracture also occurs when pre-rigor muscle is cryosectioned. Clancy and Herlihy (1978) , in discussing the effects of such contractions on myofiber CSA, recommended that the sarcomere length be measured to describe myofiber size validly. However, the measurement of the sarcomere length of pre-rigor myofibers can be extremely difficult. An alternative is to use post-rigor material, e.g., L.D. in which the myofibers have been fixed naturally at a standard sarcomere length by virtue of carcass suspension from the Achilles tendon during rigor development.
The sarcomere length of such L.D. myofibers is about 1.9 /am. Variation about this value contributes to the variance of mean myofiber CSA and reduces the precision of such estimates. Nonetheless, it is a practical way of producing standardized stretched myofibers, and permits valid comparisons of mean myofiber CSA. The success of such a procedure is conditional upon the histochemical typing of myofibers being unaffected by necrosis and the absence of cell shrinkage.
These questions were addressed by studying samples of pre-and post-rigor L.D., which were excised at .5 h and 24 h postmortem. The 24-h samples were stored at 2 C and sub-samples were examined histologically and histochemically at 2, 5 and 10 d postmortem. The acid and alkaline stable myosine ATPase reactions were normal and reversable up to 10 d postmortem. The SDH stain also was normal up to 10 d postmortem. The GPOX stain, while strong, became diffused after 5 d and differentiation became less clear. The .5-h postmortem cryosections contained considerable wrinkling, especially after the alkali-stable myosin ATPase reaction. The distortion of the myofiber transverse sections was most noticable with the Weighert's haemotoxylin and picric ponceau stain. Bubbling of the sections of pre-rigor muscle was common. In contrast, the cryosections prepared from the 2-d postmortem material were of high quality and ideally suited for morphometry. Myofiber Morphology. No morphological irregularity was observed in any of the histologically stained sections. Thus, the postmortem progression from muscle to meat was normal in all cases and the cellular structures of the meat also were normal. In particular, no displaced nuclei, spiked or ragged myofibers, which are indicative of myopathies were seen. Furthermore, the acid-stable myosin ATPase reaction was in all cases the exact reversal of the alkaline-stable form. The myofibers can, therefore, be considered normal (Dubowitz and Brook, 1973) .
Myofiber Histocbernistry. Skeletal muscles contain a range of fiber types that can be classified according to their histochemical staining reactions into three types: 1) fiR myofibers that possess (i) an acid-stable, alkali-labile myosin ATPase; (ii) high oxidative capacity, as indicated by SDH; and (iii) low to moderate anaerobic activity as indicated by GPOX. 2) aR myofibers that possess (i) an acid-labile, alkali-stable myosin ATPase and (ii) moderate to high oxidative and anaerobic activities, and 3) aW myofibers that possess (i) an acid-labile, alkali-stable myosin ATPase and (ii) low oxidative and high anaerobic capabilities.
The terms fast-twitch and slow-twitch (Peter et al., 1972) are often used synonymously with a and/3, but because the physiological speeds of contraction of bovine animal myofibers have not been measured, the use of the terms a and/3 are preferable.
The histochemical method that is widely used for locating myosin ATPase is essentially the calcium-cobalt technique of Padykula and Herman (1955) . A number of variations of this technique have been published (Guth and Samaha, 1970; Davies and Gunn, 1972; Chayen et al., 1973; Pullen, 1977; Round et al., 1980) with incubation-medium ionic strengths varying from 80 mM to 340 mM, whereas the physiologic ionic strength is 154 mM. Furthermore, the buffering capacity of these media range from 10% to 99% of the maximum value for the particular buffer. This unsatisfactory situation and the fact that the activity of Ca2+-activated natural actomysin, which reflects the myosin ATPase, was stimulated by an increase in ionic strength to about 150 mM; above this value the activity rapidly declined (Mothersill and McLoughlin, 1975) , suggesting that the ionic strength of media should be physiologically compatible. These matters and our own initial erratic stains led us to adopt a standard ionic strength of 160 mM in all media, and to have the buffering capacity of the medium pH as close as possible to the maximum of the buffer substance in use. The twin objectives of making media with a standard ionic strength and a buffering capacity close to the maximum required intricate calculations, which were achieved with a specially written interactive computer program.
Zwitterion buffers (Good et al., 1966) were used because, unlike the classical buffers, e.g., Sorensons phosphate or McIlvaine's phosphate-citrate, it is possible to combine a low ionic strength with a high buffer value with them. The use of these concepts in the formulation of histochemical media provided a sure scientific basis to our methodology and gave preparations of consistent high quality.
Changes in Myofiber Types. The percentage of IJR myofibers and the percentage of a-fibers (aR and aW) remained constant when the level of both exogenous (implanted steer) and endogenous (bull) anabolics varied. Within the a group, however, there were significant changes. In the progression from steers to implanted steers and bull, the percentage of the aR type was increased at the expense of the aW fibers. This effect is seen by comparing steers, implanted steers and bulls with each other (table  2) . The relationship between the decrease in the c~W myofibers and the increase in the c~R myofibers is significant over the three treatments and is given by: %~W = 74.0-1.0 (%c~R), Sy.x ; 4.33.
Because it is generally accepted that the real numbers of myofiber in the muscles of meat animals are fixed at birth (Swatland, 1976) , it would appear that the increase in the percentage of ~R myofibers is due to a conversion of ~xW myofibers to ~R myofibers. While this work thus establishes the significant effects of anabolics on muscle metabolism, it requires further study to elucidate how this occurs.
The Friesian breed displayed a greater percentage of ~R myofibers (P<.05) and a lesser amount of c~W than the Charolais crosses. This observation parallels those of Hendricks et al. (1973) in studies on the biceps femorus and semimembranous muscles of doubled-muscled Angus bulls, and the results given by West (1974) in his review of double-muscling in beef cattle. The present studies indicate that the ratio of the ~ to /3 myofiber types in bovine L.D. is constant at about 3:1. The data of Johnston et al. (1975) , May et al. (1977) , Hunt and Hedrick (1977a,b) and Ockerman et al. (1984) on bovine L.D. are in agreement with this. It would appear, therefore, that variations in the myofiber type profiles of bovine L.D. occur within the ~-group, i.e., between c~R and ~W myofibers.
Cbanges in Myo~qber Size. Parallel with the changes in the percentages of the three myofiber types, the size of the myofibers were affected (table 3). The mean CSA of the /3R myofibers of implanted steers and bulls was significantly greater than that of the untreated steers. While there was considerable hypertrophy of the czR myofibers with treatment, only the mean CSA of czR myofibers from the bulls was significantly greater than that of the untreated steer. There was also a 20% increase (nonsignificant) in size of the ~R myofiber of the implanted steer in comparison with that from the untreated steer. Endogenous anabolic agents had no effect on the size of the ~xW myofibers, yet these fibers were significantly enlarged in the bull. It would appear, therefore, that the relatively higher levels of testosterone, which occur in bulls, are responsible for the .! hypertrophy of the aW myofibers, and that exogenous agents fail to mimic this effect. This difference between endogenous and exogenous anabolic agents in the bovine requires further study. Only in the case of the f3R myofibers was there a significant breed difference in size.
Our observations on myofiber hypertrophy are in broad agreement with those of Ockerman et al., (1984) , who reported that the mean fiber diameter for both red and white fibers were larger (P<.01) for bulls than for steers. By combining for each animal the percentage of the different fibers with their respective mean CSA, the proportions of total area of muscle occupied by the three fiber types was obtained (table 4) . These values give a measure of the changes in the metabolism of the L.D. as caused by anabolic agents. Data in table 4 indicate that the percentage of area occupied by the/3R fibers, although increased, was not signficantly affected by treatment. However, the proportion of the area occupied by the c~R myofibers increased signficantly and that of the aW decreased (P<.001) as the levels of anabolic agents increased. These changes indicate that the oxidative capacity of the L.D. increased signficantly when steers were treated with anabolic agents, as used in this study, and that oxidative capacity of bulls' longissimus muscle is greater still.
The energy requirement for protein synthesis, one or two ATP equivalents per amino acid residue for membrane transport and four ATP equivalents per peptide bond, is very high and requires active energy metabolism (Trenkle, 1979) . Since oxidative metabolism is 12 times as efficient as anaerobic metabolism in producing ATP from glucose residues, the signficantly enhanced oxidative capacity of the L.D. brought about by anabolic agents could result in a more efficient production of ATP. This, in turn, can facilitate protein synthesis, which occurs in steers given anabolic agents and in bulls.
This study, which appears to be the first to show that endogenous and exogenous agents signficantly affect the proportions and sizes of muscle fibers in a meat animal, suggests one way in which anabolic agents result in a more efficient protein production in muscle.
